A magnetic filtration has firstly been applied to the phosphate removal from wastewater by using schwertmannite, which is ferric oxyhydroxide sulfate with high capacity of phosphate adsorption. High efficiency of phosphate removal without using magnetic seeding was obtained at magnetic intensities of around 1 Tesla, which means no necessity to use a superconducting magnet. The kinetics data of phosphate adsorption have been found to be fitted well with a pseudo-second-order model and adsorption equilibrium data have been explained by the Langmuir isotherm. The effect of pH on the phosphate adsorption in this process was characterized by zeta potential measurement. It is proposed that ligand exchange is a dominant mechanism responsible for phosphate adsorption on schwertmannite.
Introduction
Reduction of phosphate concentration in discharged wastewater to an appropriately low level is an important subject in aquatic environmental problems. Since phosphate, even in a very low concentration, can cause undesirable effects such as eutrophication which is a serious problem concerning water pollution. Because of technical and economical drawbacks, phosphate removal and recycling technologies have not yet been widely adopted.
1) Several processes such as chemical precipitation, biological removal and crystallization are well known for the phosphate removal from wastewater. [1] [2] [3] The biological removal process has more advantages than the chemical precipitation, but has specific requirements for the level of phosphate in wastewater, i.e. more than 5-10 mg/L phosphate and the BOD/P ratio, at least 35. Also, the biological removal process typically removes only 40 to 70% (exceptionally, up to 85%) of the phosphate present. 4) Thus, it may not be able to meet the condition requiring low level concentration. For these reason, the chemical precipitation process is currently more prevalent in the world. 5) Finding of environment-friendly and cost effective adsorbents has become a widespread demand for chemical phosphate removal processes. In this study, in order to remove phosphate from wastewater by using a magnetic filtration, the feasibility of using schwertmannite, an iron oxide hydroxide with the chemical formula of Fe 8 O 8 -(OH) 6 SO 4 , has been studied.
Experimental
In this study, schwertmannite was produced by using a wet chemical process.
6) The urea solution was made by dissolving 150 g of urea into 500 mL of distilled water, and the Fe 2 (SO 4 ) 3 solution was made by dissolving about 25 g of Fe 2 (SO 4 ) 3 . 5H 2 O in 500 mL of distilled water. The urea solution was added drop wise for about 2-4 hrs into the Fe 2 (SO 4 ) 3 solution preheated at 70 C in a beaker. The final precipitate was gathered and dried at less than 40 C. On the other hand, KH 2 PO 4 was added to a deionized water to make an artificial wastewater with about 12 mg/L phosphorous. Figure 1 shows a schematic view of an experimental set up. In Fig. 1(a) , an experiment was carried out to obtain the information on the role of reaction kinetics and mass transport in the phosphate adsorption on schwertmannite in which a paper filter was used for aiming a complete solidliquid separation. Also magnetic filtration tests were carried out using a super conducting magnet or an electric magnet ( Fig. 1(b) ). The solution pretreated by adding the schwertmannite to the artificial wastewater was passed through a cylindrical glass tube with 10 cm length and 2.5 cm diameter, packed with ferromagnetic wires, the center of which was located at the place with the highest gradient of a magnetic field in the magnet.
The concentration of phosphate remaining in the final effluent was measured using a mobile laboratory photometer. To measure the zeta potential of the schwertmannite, a sample was prepared by adding 200 mg of the schwertmannite to 1000 cc of a deionized water and carefully adjusting its pH by adding 0.1 kmol/m 3 of HCl or NaCl. Measurement of zeta potential was carried out using an electrophoretic light scattering spectrophotometer and XRD patterns of the schwertmannite were obtained by using Cu K radiation at 40 kV and 40 mA over the 2 range of . A scanning electron microscope (SEM) was also applied for structural characterization of the schwertmannite.
Results and Discussion

Characterization of the schwertmannite sample
Schwertmannite, as a poorly crystalline mineral with high specific surface area and brownish yellow in color, is characterized by its perfectly spherical, hedge-like, crystal aggregates with several mm in size in which needle-like structures with average width and thickness of 2-4 nm and length of 60-90 nm radiate from the particle surfaces to devote a ''pincushion'' morphology to this material. 7, 8) The schwertmannite sample produced in this study was characterized by scanning electron micrograph and XRD pattern. Figure 2 exhibits the SEM picture of the crystal aggregates of our synthesized schwertmannite sample, which is quite similar to that of the natural one obtained from a mine drainage wetland. 7) From Fig. 3 , it can be also found that XRD pattern of the sample is in conformity with those given in the literatures for the synthesized schwertmannite. 6, 9) 3.2 Adsorption kinetics of phosphate Figure 4 shows the amount of P adsorption on the schwertmannite with coagulation time at different initial P concentrations. The amount of phosphate adsorption was increased by increasing of the initial P concentration varying from 10 to 40 mg/L. The phosphate adsorption values became nearly constant after 40 min of coagulation time. Phosphate adsorption kinetic data are interpreted by a modified version of the Lagergren equation, which is a pseudo-second order kinetic model, developed by Ho and McKay. [10] [11] [12] According to this model, the reaction rate is expressed as:
where N t is the number of active sites occupied on a sorbent, N e the number of equilibrium sites available on the sorbent and k the pseudo-second order rate constant. By assuming that the quantities adsorbed are proportional to the number of active sites, eq. (1) can be rewritten as:
where q t is the amount of a sorbate on the sorbent at time t and q e the amount of the sorbate at equilibrium. Integrating eq. (2) under the condition of q t ¼ 0 at t ¼ 0 gives:
By rearranging eq. (3), a linearized pseudo-second order rate equation is obtained as shown in eq. (4)
From eq. (4), the values of q e and k can be obtained from the slope (1=q e ) and the intercept (À1=kq e 2 ) of a straight line obtained by plotting t=q t versus t. As shown in Fig. 5 , the pseudo-second order model well fits with the phosphate adsorption in the schwertmannite. Also the calculated values of q e given in Table 1 are in a good agreement with experimental ones found in Fig. 4 as shown in Table 1 .
Adsorption isotherm
Adsorption isotherm is a popular method for describing adsorption at liquid-solid interface. It is a mathematical expression that relates the concentration of adsorbate at the interface to its equilibrium concentration in a liquid phase. The adsorption of phosphate on the schwertmannite particles is analyzed on the basis of Langmuir and Freundlich isotherms. According to the Langmuir isotherm, adsorption occurs uniformly on the active sites of a sorbent, and once a sorbate occupies the site, no further absorption can take place at this site. Thus, the Langmuir isotherm is expressed by the following equations. 12) q e ¼ QbC e 1 þ bC e ð5Þ
where C e is the concentration of P solution (mg/L) at equilibrium, Q (mg/g) and b (L/mg) the Langmuir constants related to adsorption capacity and adsorption energy, respectively. The Langmuir plot of the experimental data is given in Fig. 6 . The value of Q related to adsorption capacity can be easily calculated from the slope of the Langmuir plot (Fig. 6 ). The Freundlich isotherm that is an empirical model based on adsorption on heterogeneous surfaces 9) is given by eq. (7).
where K and n are the Freundlich constants which represent adsorption capacity and adsorption intensity, respectively. A plot of ln q e versus ln C e would result in a straight line with a slope of (1=n) and the intercept with the axis of ln q e gives the value of ln k as shown in Fig. 7 . By comparing the correlation coefficients of R 2 ¼ 0:9995 for Langmuir plot and R 2 ¼ 0:8503 for Freundlich plot in the two isotherms, the Langmuir isotherm appears to fit the data better than the Freundlich. From the slope of the Langmuir plot shown in Fig. 6 , the value of the Q was found to be 26.8 mg/g P, which is the adsorption capacity of the schwertmannite.
The effect of pH on phosphate adsorption
The adsorption of phosphate on hydroxylated mineral surface can be described by a ligand exchange mechanism. 13) In most systems, the absorption of anions like phosphate decreases with increase of pH and surface charge becomes more negative. 14) Hence, one of the parameters from solution chemistry that influences the adsorption process is the pH of the solution. A study was therefore undertaken to ascertain to what extent the initial pH of solution affected the phosphate adsorption on the schwertmannite. For this purpose, coagulation tests were carried out at various initial pH values from 3 to 11. The initial P concentration and the schwertmannite amount were set to be 10 mg/L and 0.2 g/L, respectively. The plot of P adsorption ratio in dependence on pH is shown in Fig. 8 . There is a slight decrease of phosphate adsorption with increasing pH from 3 to 7, but beyond pH ¼ 7 a sharp increasing of adsorption appears. Moreover the stability of the synthesized schwertmannite after adsorption experiment under a wide range of pH was confirmed by XRD analysis as shown in Fig. 9 . There was no transformation to other crystalline phases at the ranges of pH ¼ 2 to 10 during at least our adsorption experiments. Although schwertmannite is thermodynamically unstable and usually tends to alter to the more stable phases like goethite at higher pH values, its stability here can be explained by the effect of the adsorbed PO 4 ions on the iron solubility of the schwertmannite. According to Fukushi et al., 15, 16) sorption of PO 4 and As(V) leads to the inhibition of the transformation of schwertmannite to more stable phases. On the other hand, schwertmannite formation from soluble ferric oligomers requires less structural rearrangements. 6, 17) That is, urea as a neutralizing agent can possibly has a stabilizing effect on ferric sols 18) which may be devoted more stability to the schwertmannite synthesized in this method. The relation between the zeta potential of the schwertmannite and pH is shown in Fig. 10 . To increase the preciseness of the zeta potential data, the samples to be analyzed with various pH values from pH 2 to 11 were kept for 24 hr at room temperature. As shown in Fig. 10 , the point of zero charge (PZC) of the schwertmannite was at about pH ¼ 4 with the maximum positive and negative charges of around þ24 and À33 mV in this pH range, respectively.
There are two main forces that play a role in the adsorption process. Those are chemical interaction and electrostatic forces. 19) The latter is corresponding to Coulombic attraction or repulsion between reactive sites and adsorbing ions. To understand how electrostatic forces affect the phosphate adsorption behavior under different pH values, the following reactions are considered as ionization of phosphate: 20) 
In this study where ''KH 2 PO 4 '' is the phosphate ion source of the wastewater, by replacing ''H 3 PO 4 '' with ''KH 2 PO 4 '', eq. (8) would become:
Therefore, as shown in Fig. 10 , in the pH values less than pH pzc ¼ 4:2, the negative monovalent H 2 PO 4 À ions dominate in the solution (eq. (8)) and as expected, the zeta potential curve confirms more phosphate adsorption on schwertmannite particles by decreasing of pH values in consequence of a higher Coulombic attraction between the reactive sites and phosphate ions. Above the pH pzc , the reactive sites have negative charge which enhances Coulombic repulsion between the sites and the phosphate ions leading further to decrease in quantities of adsorbed phosphate ions. In order to explain how pH drastically affect the phosphate adsorption beyond pH ¼ 7, we might firstly confirm that the ligand exchange is the dominant mechanism for phosphate adsorption on the schwertmannite. The structure proposed for schwertmannite seems to be akin to that of akaganéite (FeO(OH,Cl)), with sulfate instead of chloride as a stabilizing anion in the tunnel cavities.
21) It was reported by many authors that the sulfate groups could be replaced by others anions as 24) have demonstrated that reactive sites on schwertmannite are coordinated SO 4 groups rather than surface hydroxyl groups. Equation (10) tells that the negative PO 4 ions are only dominant at high pH values and increase with increasing pH values in the solution. Thus, we can explain the increasingly effect of pH on the phosphate adsorption on the schwertmannite over pH ¼ 7 by using of the ligand exchange mechanism.
3.5 Separation of schwertmannite from wastewater using a magnetic field Schwertmannite, according to Mössbauer spectroscopy studies, 8, 25) has been considered as a paramagnetic material. In this study, the magnetic susceptibility of the schwertmannite powder was determined at room temperature using a vibrating sample magnetometer, VSM, under the maximal external field of 1.3 Tesla. It has been found that the schwertmannite is paramagnetic and the value of its magnetic susceptibility is around 4 Â 10 À4 , which is relatively high in comparison with those of ordinary paramagnetic substances, 10 À3 -10 À8 . In order to evaluate the ability of the magnetic filtration regarding to the schwertmannite separation from the wastewater, a batch experimental set up as shown in Fig. 1(b) , was used. 1 g/L of schwertmannite was added to the artificial wastewater with 20 mg/L of P and its solution was mixed for 50 min. The plots of phosphate adsorption amounts and separation ratio of the schwertmannite versus the magnetic intensity applied in the magnetic filter are shown in Fig. 11 , where the results of separation ratio of schwertmannite and overall phosphate removal amount obtained by using a paper filter is also given on that. In Fig. 11 , the separation ratio of schwertmannite was defined as the ratio of the capturing particles to the entering ones, which is obtained by weighting the escaping particles in the effluent of the filter in each batch of the experiment. The paper filter could separate all schwertmannite particles while overall amount of adsorbed P was about 17.8 mg/g. The separation efficiency of the schwertmannite was increased with increasing of the magnetic intensity up to 1 Tesla and over 1 T, the schwertmannite was entirely separated. Here, it is noticed that the overall amount of phosphate removal by the magnetic filter was more than that by the paper filter, as shown in Fig. 11 . That is, in the case of magnetic filtration, free phosphate ions existing in the pretreated wastewater could be also captured into the matrix of the magnetic filter during passing through it. This phenomenon could be explained as nanoscale function of the high gradient magnetic field in the interaction phase between the ferromagnetic matrix and the wastewater.
26)
The relation between q t and the schwertmannite separation ratio is shown in Fig. 12 . The straight line apparently illustrates that the phosphate removal increased with increasing ratio of the separation of schwertmannite particles.
In the batch experimental usage of the magnetic filtration, it was revealed that the magnetic filtration not only had the ability to completely separate fine schwertmannite particles from the wastewater but also enhanced the overall phosphate removal ratio rather than the paper filter in which schwertmannite particles had been entirely separated as well. The most important advantage of applying magnetic filtration in this process is to overcome the difficulties with separation of very fine particles of the schwertmannite from the wastewater. The magnetic filtration using the schwertmannite was successfully performed to remove phosphate without magnetic seeding and other supplement materials in the rather low magnetic filed intensity.
Conclusions
A new magnetic filtration process for phosphate removal using schwertmannite has been proposed. The mechanism of phosphate adsorption on schwertmannite and the ratio of the magnetic separation of schwertmannite particles from the wastewater have been studied and the following results have been obtained;
(1) The kinetics of phosphate adsorption on schwertmannite is expressed as a pseudo-second order reaction. ( 2) The equilibrium adsorption data obey Langmuir isotherm and the P adsorption capacity is 26.8 mg/g. (3) Phosphate adsorption drastically increases over pH of 7, which may indicate that the ligand exchange mechanism dominates the phosphate adsorption on schwertmannite. (4) Magnetic filtration successfully works at magnetic intensities around 1 Tesla without magnetic seeding.
